In the paper calculation of the moments of inertia for nuclei from the region 87 ≤ Z ≤ 100 and 130 ≤ N ≤ 156 was made in dependence on the angular momentum of their rotational states. The experimental values of the moments of inertia were calculated for rotational energy of the classic rotor in its quantum form, with the use of a simple formula. The moment of inertia term appearing in the formula was treated as a variable. The calculations were carried out on the basis of experimental data for the energies of the rotational levels for 51 bands built on ground states for even-even nuclei and for nuclei with odd mass number A. In addition, 30 rotational bands built on excited states were also analysed in the investigated region in case of eveneven nuclei. For many bands and nuclei the considered dependence of the moment of inertia on angular momentum has been found in the analytical form by fitting polynomials to the experimental data. It turned out that obtained results for the moments of inertia made it possible to describe the energies of rotational levels with a relative deviation not greater or only slightly greater than 1%. In general, in the case of 12 bands of ground level the maximum relative deviation of obtained level energies is smaller than 1‰. 
Introduction
Investigations of the rotational level bands of nuclei were started over 50 years ago [1] . An idea was suggested that some regularities in the spectrum of excited states of nuclei could be explained as a result of rotating motion. Extensive experimental data were collected, the analysis, also theoretical, of which allowed developing models of nuclei that offer both a description and an explanation of the basic characteristics of those bands in a more or less correct way [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
This work is a continuation of the paper [13] , for rotational bands of both even-even nuclei and nuclei with odd mass numbers A, although only for the heavy nuclei region. Moreover, the investigations for even-even heavy deformed nuclei were expanded as compared with [13] by the analysis of bands built on excited states.
In the present paper the formula was applied, which was deduced from the classic relation between rotational en-ergy and angular momentum of a rotating rigid body. In the quantum approach it has the form [14] :
Here E(I) is the energy of the rotational level with spin quantum number I and J is the moment of inertia of the nucleus with respect to the rotation axis. In the paper [14] it was recognized that formula (1) holds for the low-lying states of ground state bands of even-even nuclei. The estimated value of J obtained by fitting equation (1) to the rotational energy of the first excited level, was inserted in that equation as the value of the moment of inertia. The results of calculations in [13] showed that if the value of J was established in the way described above then the values of the energies of higher rotational levels, which were predicted according to the formula (1), would deviate considerably from the experimental values [11] . The situation is even more complicated for odd-odd, odd-even and even-odd nuclei, when their rotational bands are built on ground states, as well as when the bands are built on excited states. So, applying formula (1) in such cases becomes a considerable simplification. Following the ideas found in papers [8, 12] an assumption was accepted in the present paper that the moment of inertia of a rotating nucleus changes with the angular momentum (or with energy) of rotation. Such an assumption can be justified by the observation that the atomic nucleus is not a rigid body [14] . It was also suggested that the so-called centrifugal stretching [14] and Coriolisantipairing effect [15] are the reason why the moment of inertia of the rotating nucleus changes with a change of angular momentum or energy. Due to the fact that the structure of the atomic nucleus is so complicated, the exact theoretical description of regularities in rotational bands becomes a task, which may be very hard, if not impossible at all. Such a description would require an understanding of how a moment of inertia of a deformed nucleus behaves with the change of angular momentum (or energy) of rotation. Hence arises the reason of the search for empirical relation between the moment of inertia of a nucleus and the angular momentum of rotational levels, which was undertaken in the present paper. When such an empirical relation is found it can be useful and helpful at future apprehension of collective features of nuclei and also for predictions of unknown characteristics of rotational motion.
Presently the papers [16] [17] [18] [19] [20] are known in which attempts were made to find empirical dependences between moments of inertia of nuclei and the energies of rotational levels and their spins. Such descriptions are also limited, when the range of application is concerned, to rotational bands of a specific type and to a specific area of atomic nuclei. Additionally, those descriptions are restricted to fixed areas of rotational energy and/or angular momentum. Such a situation is caused by the diversity of rotational excitations and makes it evident how complicated the problem is when attempting to derive a precise theoretical description. The research undertaken in this paper aimed to find the relation between the moment of inertia and the angular momentum. This relation could then form a starting point for restoring the energies of levels of rotational nuclei from the area 87 ≤ Z ≤ 100 and 129 ≤ N ≤ 156 in the calculations with a relative deviation of about 1%. It was observed in the present work that the dependence of the moment of inertia of nuclei on angular momentum reveals a significant diversity of shapes; this is illustrated within the graphical figures presented in this paper on diagrams.
Method of analysis

Description of the method used to calculate the moments of inertia for nuclei in rotational states
The main reason for performing this analysis was to find out how the moments of inertia of nuclei change with the change of rotational motion. The experimental data pertaining to the energy and spin of rotational levels, were taken from [11] . Such data for even-even and odd-A nuclei from the region 87 ≤ Z ≤100 and 130≤ N ≤156 were chosen, the rotational bands of which were built on ground states. The rotational bands built on excited states were also analysed for the group of even-even nuclei. The energy of rotation is defined as:
where I 0 and I are quantum numbers of the angular momentum of the ground state and excited state, respectively. E 0 (I 0 ) ≡ E 0 is the energy of bandhead level and E * (I) is the energy of the level. In tables and figures the notation E 0 has been used. For a description of the E dependence on angular momentum a formula according to [2] was accepted in the form:
in which J denotes the moment of inertia of the nucleus.
The identical formulae are accepted in the current work as those used in paper [13] . They will be repeated here for clarity of the present paper. If the following denotations were introduced:
(the moment of inertia of a nucleus in units 1
2
·¯ 2 ),
and
then, in accordance with above-mentioned equations and with (3), we obtain:
The formula (7) is the basis for calculations of the quantity: M = 2J 2 , which means that it is also a basis for the calculation of the moments of inertia J (with accuracy to a constant factor) for the nuclei in different rotational states with a specific angular momentum. In the earlier work [13] a quantity called "compliance", was introduced to characterize how M changes with the increase of . It is a measure of the deformability of a nucleus and its ability to be reconstructed due to rotation:
The quantity is similar to the "softness" parameter introduced in [21] , and defined as:
The relation between and σ is as follows:
for I= 0 we have (0) = σ (0).
The fitting of polynomials to the experimental values of M obtained on the basis of rotational bands and a description of the rotation energy
The empirical description was achieved for the moment of inertia values using of the formula (7) and the data presented in [11] . In order to get information on the behaviour of the moment of inertia, M during the rotation the following expansion in a series was accepted in this work:
In the majority of the investigated cases the derived M( ) functions, which assumed the form of polynomials of degree , made it possible to describe the energy of rotational levels with the use of the formula below, with the relative deviation not greater or only slightly greater than 1%:
In this formula M is dependent on angular momentum. Coefficient ("compliance") can be described according to (8) and (11) as:
It is worth pointing out that according to Eg. (11) , when I= I 0 (i.e. for the bandhead level), or in other words when = 0, we obtain:
This means that the moment of inertia of the nucleus in an energy state, which is a base of the rotational band, can be described by the 0 coefficient of the polynomial (11) . It is also apparent that for I = I 0 (i.e. = 0):
When a nucleus is in the energy state described as a base of the rotational band, the 0 coefficient characterizes the deformability of that nucleus. In this energy state (i.e. when I = I 0 and = 0) the nucleus does not rotate 3. Analysis of the calculated results obtained for the moments of inertia and rotation energies of actinides 3.1. Even-even nuclei 23 ground state bands and 30 bands built on excited states of even-even nuclei were investigated in this work. A number of regularities in the behaviour of M with a change of were observed for all analysed rotational bands of even-even nuclei in ground states. These are illustrated in Fig. 1 . The values of M clearly grow with an increase of although in a way, which is not much differentiated. The functions M( ) were accepted in the form of polynomials and were fitted to the experimental values by using the least squares method. The values of the coefficients are stated in Table 1 and Table 2 respectively. The polynomials were then used to calculate the rotational energies according to formula (12) . The maximum relative deviation of the calculated energies of the rotational levels in this group of nuclei for ground level bands was less than 1.1%. However, for 8 bands it was not greater than 1‰ . It should be added that in Table 1 , as compared with the analogous table in [13] , there are the data for six nuclei included, which were corrected with respect to the degree of the polynomial; in three cases there appeared a chance of degree 3 instead of 4 of the polynomial to be used in the fitting procedure, while the accepted criterion for the relative error of the calculated energy continued to be about 1%. In the same group of even-even nuclei, but for rotational bands based on excited states, a greater differentiation in the shapes of the M = ( ) dependence is observed. Results that were obtained for six rotational bands of 234 U are shown in Fig. 2 . In spite of the fact that the M( ) function for the rotational level bands built on levels with energies E 0 = 786.29 keV, 809.88 keV, 926.74 keV and 1126.68 keV is increasing (Fig. 2 , , , ) the similar dependence for rotational levels is falling down (Fig.  2 ) in case when the ground level energy is E 0 =1496.2 keV and passes through a maximum when E 0 =1552.62 keV (Fig. 2 ) . Fig. 3 showsM = ( ) dependences for three rotational bands of 232 Th, built on excited states. Both Fig. 3 and 3 concern the same band, constructed on the excited state with energy E 0 = 785.30 keV, but in Fig.  3 the courses of M = ( ) function were separated with respect to values of quantum number I for rotational levels: points (o) represent odd and (•) even quantum number I. This treatment of the data in Fig. 3 was due to the observation of the set of points in Fig. 3 . The maximum relative deviation of calculated energies was observed to be less than 1‰ for five rotational bands of nuclei from this group.
Even-odd nuclei
A wide diversity of shapes of M = ( ) dependence is presented in Fig. 4 . The empirical dependences were calculated for rotational bands built on ground states of 14 even-odd nuclei. The coefficient values of the polynomials are placed in Table 3 . The maximum relative deviations of the calculated energies of the rotational levels are given in column 11 of Table 3 . It can be seen that they are smaller than 1‰ for the rotational levels of the bands of two nuclei. The lowest accuracy is observed for 219 Ra, as the maximum relative deviation amounts to 13.6‰ . In Fig. 4 attention should be paid to 235 U. Although in Fig.  4 ' there is a distinct separation of the shapes of M = ( ) dependence for the levels with even and odd numbers, the obtained M = ( ) function, the coefficients of which are placed in Table 3 and which is marked in Fig. 4 by a continuous line, still makes it possible to describe energy of rotational levels of 235 U with a deviation not greater than 5.2‰ . In the case of 233 U (Fig. 4 ' ) the separation of the courses of M = ( ) function, for levels with even and odd numbers respectively, is less clearly visible than that observed in Fig. 4 ' for 235 U. It is interesting that for 225 Th and 235 U a distinct minimum of the M = ( ) function was revealed for each of these nuclei. It may be suspected that the fact they appeared suggests that two opposite effects (i.e. pair correlation and centrifugal stretching) balance for values, which characterize the position of the minimum.
Odd-even nuclei
The dependence M = ( ) for chosen nuclides is presented in Fig. 5 . The calculations were made for 14 nuclei altogether. The coefficients of the polynomials can be found in Table 4 . The results for five of the nuclei are shown in Fig. 5 . A very distinct separation of M = ( ) courses for rotational levels with even and odd numbers calls attention in a such dependence for 237 Np. This fact suggests, that the rotational bands of 237 Np built on a ground state may probably create two overlapping sets of bands. A similar situation is observed in Fig. 5 where a set of points for 249 Bk indicates that there was requirement to build separation, as shown in Fig. 5 '. The maximum relative deviation of calculated energies of rotational levels of nuclei from this group is 11.8‰ and corresponds to levels with even numbers of 237 Np. In the sets of rotational band levels for the two nuclei from this group it was observed that maximum relative deviation of the calculated rotational levels energy is not greater than 1‰ .
It should be noted, that among all 51 investigated bands of ground state there are 13 bands for which the M = ( ) dependence can be described by a polynomial of degree = 1, and there are 17 bands for which the M = ( ) dependence can be described by a polynomial of degree = 2. For the remaining 21 bands a polynomial of degree = 3 was required. In the group of 30 bands built on the excited states of even-even nuclei, however, the description of the M = ( ) function by a polynomial of degree = 1 was possible for one band of 232 Th and by a polynomial of degree =2 for 14 bands. A linear M = ( ) dependence was found for 232 Th and for E 0 = 785.30 keV (Table  2) , although the relative deviation when calculating the rotational energy was amounted to 11.8‰ . 
Moments of inertia for nuclei in the ground states of rotational bands and deformability of nuclei
In Section 2.2 it was shown that the 0 parameter of the polynomials which describe M( ) functions defines the moment of inertia of a nucleus in an energy state that is a base of the band i.e. for = 0 when I = I 0 . Fig. 6 illustrates the 0 dependence on mass number A of the nuclei from the investigated area, separated into groups of even-even, even-odd and odd-even nuclei. It can be noticed in this figure that 0 tends to increase for eveneven and even-odd nuclei with the increase of A while for odd-even nuclei the values of 0 grow much more slowly, except for the local maximum at A= 229.
• With the increase of mass number A the bandhead level moments of inertia of even-even nuclei (with respect to rotation axis) increase from the value for 256 Fm.
• In the group of even-odd nuclei the tendency can be observed for the coefficient 0 to increase from the value of 76.41 MeV for 235 U. In that group of (even-odd) nuclei the set of points is determined by the wider dispersion of the values. For 247 Cf the coefficient 0 = 163.4 MeV
and is smaller than the value of 0 for 249 Cf.
• For odd-even nuclei the moment of inertia of the bandhead level 0 increases from the value 51.94 MeV averaged smooth course of 0 = (A) dependence.
• Comparing the curves 0 = (A) (Fig. 6 ) it can be noticed that the values of 0 , which correspond to the even-even nuclei, on average, are placed lower than respective values for even-odd and odd-even nuclei. This tendency is in agreement with the one described in [22] and illustrated e.g. in the paper [9] .
In Fig. 7 the dependence of 0 = 1 / 0 coefficient on the mass number A of nuclei is illustrated in the case of calculations carried out for bands of ground levels. This coefficient, (named "compliance" in [13] ), for =0 describes the deformability of a nucleus in the energy state which is a base of the band. Looking at Fig. 7 it can be seen that, as a rule, 0 tends to decrease with an increase of A, although there are local exceptions.
• In the group of even-even nuclei the coefficient 0 decreases from the value 0.01389 for 224 Th down to the value 0 = 0.0005 for 256 Fm. However, there are also local exceptions, such as points for 242 Cm and 250
Cf. The former is set above the general course and the corresponding value equals to 0 = 0.00106. The latter lies below and the corresponding value for it is 0 = 0.00009. In that group of even-even nuclei the values of 0 , in general, decrease very distinctly with the increase of mass number A which means that heavier nuclei are more rigid and less deformable in its ground state.
• In the case of even-odd nuclei, the coefficients 0 oscillate around zero. However, the point for 243 Pu ( 0 = 0.00174) lies clearly above the smooth course of the 0 = (A) dependence, and for 225 Th ( 0 = −0.00219) -the point lies below.
• In the group of odd-even nuclei values of 0 slightly decrease from the value 0 = 0.01294 for 217 Fr. A distinct local minimum is clearly visible for A= 229 at the value 0 = −0.01187 for 229 Ac. Also the value 0 = −0.01125 for 245 Am is placed clearly below the general course of that dependence.
• The comparison made in Fig. 7 informs that with the increase of mass number A in the range 215 ≤ A ≤ 256 the nuclei in the ground states of ro- tational bands become, in majority, more rigid and less deformable.
Discussion of the calculation results and of their systematic features
The experimental values of the moments of inertia and empirical description of the moments in dependence on the angular momentum were presented in this paper for even-even nuclei and for nuclei with odd mass numbers A from the region of 87 ≤ Z ≤ 100 and 130 ≤ N ≤ 156. On the whole 51 ground state bands were investigated altogether. 30 bands built on excited states were also investigated, but only in the group of even-even nuclei.
We consider our results in the frame of approach when the formula (1) is reasonable. As was mentioned in [23] it is obligatory when nuclei can be described as strongly deformed spheroids rotating about an axis perpendicular to their axis of symmetry. For these nuclides, the energies of vibrations and the energies necessary to split nucleon pairs appreciably exceed the rotational energy. Proportionality E to I(I+1) taken in equation (1) denotes that this way of description assumes that the potential energy of nucleons interaction is not affected much by the Coriolis term [14] .
Graphs in Figs. 1 -5 illustrate a wide diversity of M( ) trends. The fitted functions were assumed to be in the form of polynomials. The coefficients of each polynomial were found by the use of the least squares method. It seems interesting to be able to calculate the moments of inertia ( 0 ) of nuclei in the ground states of bands (Fig. 6 ), and to watch the behaviour of the 0 ("compliance") coefficient with the increase of mass number A of the nuclei (Fig. 7) .
It was also indicated that the empirical description of the energy of rotational levels may be possible. Equation (12) used to describe the energies of rotational levels, includes the function M( ), which represents, in our treatment, the moment of inertia not as a constant value but as a dependent one on the angular momentum of rotation. The Table 1 . Characteristics of ground state bands of even-even deformed nuclei for which the moment of inertia M has been described as a power series expansion on . The number in parenthesis is the power of ten factor.
analysis of the results presented in Tables 1-4 showed that the relative deviation of the obtained values for the energies of rotational levels in relation to experimental ones do not exceed 1.36%. Such a value corresponds to the ground state rotational band of even-odd nucleus of 219 Ra. To sum up, it is of some merit that the subsequent conclusions, which resulted from the performed analysis of experimental data on moments of inertia and energies of rotational levels as well as from the calculated values of M and energy E according to (12) , were displayed:
• In the case of the investigated rotational bands of ground states for even-even nuclei for which the courses of M( ) are regular (see Table 1 ) the moment of inertia increases when the nuclear deformation becomes larger. It is a result of the rotation energy increase and because pairing energy decreases when increases [15] .
• Energies of rotational levels of 51 bands of the ground state were calculated in this paper with the use of the formula (12) . For the majority of them the relative deviation of the calculated and experimental values was obtained to be smaller than 1%. In 12 cases out of 51 the relative deviation of calculated energy was less than 1‰ .
• Np, 249 Bk) it was observed that there is a split in M( ) dependence (Fig. 4 and 5) . Two curves of M( ) dependences for a given nucleus can be observed in the graphs for levels with even numbers and with odd numbers respectively. Such distinct separation of M = ( ) courses for rotational levels with even numbers and with odd numbers is caused by the signature splitting. The splitting observed for 237 Np is particularly strong. The band in the odd-A nucleus 237 Np is based on the proton orbital The number in parenthesis is the power of ten factor. , Calculations for 232 Th rotational band, when the levels with odd and even quantum number I were separated.
5/2[642]
that has a large signature split. It can be accepted that the nuclear structure in even number states is different from that of odd number states, in the case of A-odd nuclei. A similar effect was established e.g. in [24] for 166 Er and 169 Lu.
• In the case of 232 Th two lines drawn in Fig. 3 reveal that the course of the lines depends on such characteristics of rotational levels as e.g. whether the angular momentum quantum numbers I are even or odd.
• The range of the moments of inertia values calculated in the present paper for the nuclei in the ground states of bands M(0), for actinides, is in satisfactory agreement with the range of values presented in a figure, e.g. in the paper [9] , except for 229 Ac.
• In theM(0) = 0 = (A) dependence (Fig. 6 ) it can be seen that there is a very clear local maximum appears in the group of odd-even nuclei aroundA = 229. It is not known exactly what explanation could The number in parenthesis is the power of ten factor.
be given for such a result. The effect revealed for 229 Ac may be regarded as a reliable one also due to the fact that the experimental data on energies of levels according to 1 [25] are identical to those given by [11] . What is more, the 0 value for 229 Ac considerably exceeds the value corresponding to the moment of inertia of a rigid body according to [9] . In [26] the authors noted that there is lack of apparent rotational structure in the actinium isotopes and that these isotopes are outside the region of stable spheroidal deformation. For the odd-A nucleus 229 Ac, the band is based on the high intruder orbital 3/2[651] and the abnormal behaviour of its moment of inertia is exactly one of the typical properties of such an orbital. At low spin, its moment of inertia has a large value at bandhead and decreases with spin. It may be worth adding that the observed effect of the considerable increase of the 0 value (in the group of odd-even nuclei) is noticeable not only for 229 Ac (Fig.  6) . However, the discussed 0 value for 229 Pa has not been placed in Table 4 because the requirement concerning the relative error of calculated energy of rotational levels being not greater than 1%, which was assumed in the whole paper, was not fulfilled in the case of this nucleus. There exists a practical indication to make the experimental data more precise as to the positions of rotational levels of 229 Pa in the contemporary research.
• In the 0 = (A) dependence presented in Fig. 6 there are points dispersed from the smooth course; see the results for 225 Th and 247 Cm in the group of even-odd nuclei. In the group of odd-even nuclei, despite the effect described above (in the previous item), a result is also observed which corresponds to the 245 Am nucleus, and which lies above the smooth course.
• On the basis of Fig. 6 , especially for even-even nuclei, it can be stated that the moments of inertia for the nuclear bandhead levels decrease while 850 MeV −1 ) is close to the value placed in Table 4 . The number in parenthesis is the power of ten factor. , The results for levels of 237 Np with odd and even numbers respectively.
reaching the borders of deformed regions. This reduction effect of the moments of inertia for nuclei is the result of pairing correlation and appears most strongly on the edges of the investigated range of mass numbers. It was also noticed in [8] .
• Using the coefficient 0 = (A) dependence (Fig. 7 ) as a base, it is possible to observe that the nuclei in the ground states of rotational bands, in general, become more rigid and less deformable with the growth of mass number. The nuclei from the range of A ≈ 217÷223 are more deformable ( 0 is greater) than the nuclei with larger number of nucleons. The existing minimum in the discussed dependence for A = 229, in the group of odd-even nuclei, shows that 229 Ac nucleus is particularly rigid and hardly deformable.
• In this paper the values of "compliance" coefficients were only calculated for = 0. It ought to be noticed that 0 values are positive for all even-even nuclei; in other cases of even-odd and odd-even nuclei 0 values may be positive as well as negative (Fig. 7) . (Table 3 and Table 4 ). It means that the slope coefficients of M = ( ) dependences are negative when ≥ 0. The fact that values of M decrease at initial increasing values of allows us to conclude that in such cases the reduction of the moment of inertia may be a result of the predominating effect of pair correlation [15] . seen for the 1 parameter when A increases. It means that for the heaviest nuclei the moment of inertia increases slowly with A when the nuclide is in the rotational state near the bandhead level. In the group of even-odd and odd-even nuclei there are also negative values of the 1 parameter. The tendency of the moment of inertia to decrease in such cases when ≥ 0 informs that the pairing correlation effect dominates in a definitive way. 
The relation to other elaborations results
• The moments of inertia of nuclei were analysed in dependence on the angular momentum of their rotational states in paper [24] . Their experimental values were obtained from the energy of radiation transitions. The systematics of the moments of inertia of nuclei in the ground energy states of bands concerns the nuclei with their mass numbers from the range 189 ≤ A ≤ 198, so, it can not be rather applied for comparison with the results of the present paper. The authors observed in a few cases split in the values of dynamic moments of inertia J (2) versus ξ= [I(I+1)] 1/2 , but in the rare earth region only. Moreover, they pointed out that both moments of inertia kinematic J (1) and dynamic J (2) are converged to the bandhead level moment of inertia J 0 when I(I+1)→ 0. The J 0 value for 242 Pu [24] showed in a figure is not larger than 70 (¯ 2 MeV
−1
). In our paper we obtained
in the case of 242 Pu. Considering that our M(0)=2J 0 /¯ 2 , we obtain that both values for J 0 are comparable, but our result for the J 0 is by the coefficient 0.96 smaller.
• It is worth adding that in paper [20] a set of results from the theoretical calculation of the ground level bands energy for 14 nuclides from the actinide area was presented. The results achieved for ten of these can serve as a reference to the results of the present paper. The comparison of the results, obtained by the authors of [20] for energy levels and these in the present paper, with the experimental data on the energies of rotational levels leads to the conclusion that they reveal a similar degree of consistency. The obtained deviations in the calculated energy levels of the ground state bands on the basis of our empirical formula for the moment of inertia are of the same order as the results obtained in the paper mentioned for actinides.
• In 1966 "softness" was defined as a parameter in the paper [21] . Then the paper [23] appeared, in which 88 bands of the ground state of even-even nuclei, from Pd to Cm, were investigated and the moments of inertia of even-even nuclei at ground states of rotational bands J 0 and softness parameters were calculated. The five heavy elements Ra, Th, U, Pu and Cm (15 isotopes altogether), were analysed by the authors. In our paper, however, the calculation results obtained for 51 ground level bands of actinides and for 30 bands based on excited states of nuclei from this area were collected. The quantitative comparison of our M(0) values for even-even nuclei with nine J 0 values from [23] shows a good correspondence of numerical values of the moment of inertia of those nuclei in the energy states being a base of rotational bands, provided that the relation M = 2J is valid. However, values of "softness" coefficients for nine heavy nuclei in [23] are greater than "compliance" coefficients in the present work by a factor of 1.6÷3, although it should have been expected that, according to equation (10) , their ratios would be closer to unity (that concerned eveneven nuclei i.e. with the spin quantum number of the ground level of nucleus I= 0).
• The way we have calculated the dynamic characteristics of rotational motion for actinides, based on equation (1), is adequate in light of the explanations [23] cited in §5. It should be noted that these nuclei especially the type N-odd and, moreover, for N ≥ 142 do not have the spin values higher than 7/2 + , in general, in their ground states (see Table  3 and Table 4 in this paper and [27] ). Since according to e.g. [27] [28] [29] the actinides in the low spin states are the nuclei of normal deformation (ND), (their deformation parameter β < 0 3) it is stated (also in the results of this paper) that the moment of inertia reduction effect occurs when compared to the values expected for a rigid body. This is noticeable when the values M(0)= 0 , obtained in the present paper, are compared with the values compiled in [8, 9] . The effective pairing is strong in ND nuclei [22] .
• Also our results confirm the odd-even differences effect [22] in the moments of inertia at not too high spins, i.e.
M(even-even)< M(odd-A) when I=0.
The authors of [22] state that it is the manifestation of the blocking effect on pairing [30] . In the light of such regularities the behaviour of the values 0 and 0 for 229 Ac in figures 0 -A and 0 -A can be considered to be exceptional.
• The statement in [27] that the moment of inertia values of the actinides are nearly twice as big as those of the rare earth is confirmed in our paper and can be described more precisely. On the basis of the values M(0)= 0 comparison for lanthanides in [13] and actinides (in this paper) we can state that the values for the actinides region are by coefficient 1.0÷ 3.1 times larger than the former.
• It is worth mentioning that the recommended nuclear data in [11] , e.g. for 224 Th, do not confirm the existence of the excited states of the ground state band up to I=32 + , as shown in a figure in [27] . In [11] five excited energy level values of the ground state band were given only up to the level with spin I=10 + . While in paper [24] , referring to 224 Th, only four levels more were given than in [11] , i.e. up to the level with I=18 + .
• In [27] the calculation results for 237 Np were shown in the figure of the dependence of 2J/¯ 2 versus ω 2¯ 2 .
Considering the character of points marking and the description of spin values, their values given on the both edges of the drawn lines are not clear. Moreover, this figure includes the levels with spins up to 45/2 + , while more recent data [11] recommend the levels with spins up to I=57/2 + . The authors [27] do not explain what the two lines in the considered figure mean in the part concerning 237 Np.
• We can point out, for example, that the authors of the paper [31] used the phenomenological description of the actinide nuclei as well. They described energy levels and the approach was only used for three elements. Moreover, we can see that the values of the moment of inertia of the bandhead level 2J/¯ 2 , given there and obtained using modified exponential formula, are much larger than the values, which we obtained as 0 . The authors" values are larger in the coefficient range 1.4÷ 2.3, but for 236 U the ratio is 137.3 and for 242 Pu it is even 595.2.
• The paper [29] /2 obtained in our elaboration for even-even nuclei with J ⊥ values in [29] , we see that our results are lower. The ratio values for 23 isotopes are contained in the range 0 56 ÷ 1 13 when the mass number, A increases from 224 to 256. It is characteristic that the ratio increases in a systematic way when A increases. Since the authors of [29] themselves notice the overestimation of the obtained J ⊥ values, related to e.g. experimental data, so such their incorrect result and the calculation of the ratio we presented above show in favour of our results.
• The authors of [32] performed the calculations for nuclei in the actinide region with the same pairing interaction and parameters as in the description for rare earth nuclei. They present a figure with 39 experimental points for the moments of inertia of nuclei with 88< Z <100 and the calculation results for them on a separate figure. 
Summary and conclusions
The decision to take up the subject as an empirical approach, arose from the need to settle the regularities in the results that were obtained just in the same way. The aim of the paper was to complete existing elaborations with a physical interpretation of the conclusions, which can result from the direct and uncomplicated description of the experimental data. This paper was prepared for actinides as a completion of [13] which refers to the rare earth nuclei. The papers cited in the bibliography that describe the rotational bands, start with the formula for energy levels as dependent on I(I+1) [8] , on ω 2 [34] , as so-called ab formula [35] or as abc formula [36] . In our treatment another approach was presented. We described previously, with polynomials fitted to the moments of inertia values that were obtained from calculations based on experimental data for energy levels [11] . Then we obtained level energies, using formula (12), and we estimated their precision. Our treatment allows the calculation of polynomial parameter values for moments of inertia with sufficient accuracy to obtain level energies with a precision close to 1%. In some cases the number of levels in the rotational band is not large, but the degree of the polynomial is at least two units smaller than the number of points on the appropriate figure. The description of the energy spectra of the deformed nuclei was obtained in succession after the moments of inertia were previously described. Using polynomials as appropriate functions for the description of the dependence M = ( ) we can analyse the systematic nuclear properties in fairly wide region of mass numbers and in a quite simple way. This is because the parameters of the polynomial, the degree of which is not too high, have a suitable physical sense. We gave physical interpretation for 0 , 1 and 1 / 0 parameters (and also 1 / 2 in the last part of the paper). E.g. 0 describes J 0 (see equations (4) and (11)), which may be a characteristic feature of the rotational band and depends on the intrinsic structure of the rotational band [24] . In particular, we have been inspired by the "softness" parameter according to [21] . We analysed the "compliance" parameter 0 (as for the rare earth nuclei in [13] ) for all 81 level bands and we illustrated its 51 values in Fig.  7 for even-even, even-odd and odd-even nuclei, for the bandhead levels of the rotational bands. There are too few papers, which allow to study heavy nuclei properties using the "softness" parameter. One can see and take into consideration the systematic features presented, for instance, in Figs. 4, 7 and 8, for even-even, even-odd and odd-even nuclei separately. There are also individual points that can be seen, related to the obtained values, which deviate from the smooth courses.
• The elaboration enables us to point the nuclei from among the actinides for which there exists a split in the course of M( ) dependences for the levels with spins being even or odd numbers (Fig. 3 ) and those nuclei for which a similar differentiation occurs in relation to the levels with even or odd numbers (Figs. 4 and 5 ).
• The nuclei whose moment of inertia, M increases or decreases when increases, but is close to zero, can be identified on the basis of Tables 1 -4. • It was settled which nuclei in their ground states are particularly impervious to deformation. The even-even nuclei from the range of A ≈224÷230 are more deformable ( 0 is greater) than the nuclei with a larger number of nucleons. In the case of even-odd nuclei the isotopes 221 Th and 243 Pu are more deformable than the others. In the group of odd-even nuclei 229 Ac and 245 Am are hard to deformation (see Fig. 7) ; the values of 0 for these two nuclei are smaller than the others.
• Using the figures for the cases of even-even, evenodd, odd-even nuclei in the paper, the even-odd effect was brought out.
• On the basis of the empirical description, the energy level values can be foreseen, however only those corresponding to values not too different from the ones determined by the quantum number I of the last level of the given band. E.g. from the calculation done in the paper for 224 Th it follows that the energy of the level whose I=10 + agrees with experimental value [11, 24] with accuracy 0.2%, while the energy of the next level with I=12 + is reconstructed and consistent with the experimental value [24] only with an accuracy 12%. The energy level for I=12 + and any higher energy levels for this nuclide are not given in [11] .
• One can easily estimate the values of for which the polynomials of the degree =2 reache extreme and estimate their corresponding values of the quantum number I, and then the values 2J/¯ 2 and E. This information has a physical sense because shows the characteristics of the rotational level in the situation when there is a balance of the centrifugal stretching of a nucleus and of the pair correlation effect. There are 17 ground level bands of nuclei for which the energies may be described well (1% accuracy) using polynomials of =2 degree for moments of inertia, M. In 5 cases amongst the 17 the extremum of the M( ) function is localised in the range of values which follow from I and I 0 data taken from [11] and according to equation (5) . These were calculated as = -1 /(2 2 ) for the following nuclei: 237 Pu, 241 Pu, 239 Np, 241 Am, 243 Am. The for 245 Am lies outside, but close to the upper edge of the investigated values range.
• In this elaboration the investigations for backbending were not carried out. Rich contemporary research in this range is described, e.g. in [37] , also for actinides although in many cases the calculated results are not consistent with the experimental data.
In this paper the analysis of the moments of inertia of a large group of nuclei was carried out. It was based on the experimental data for the rotational level energies taken from [11] . The rotational energy values obtained subsequently agree well with the experimental ones. The conclusions drawn in this paper can be of value for completing the research range in nuclear physics and for a more general view in the subject. 
